The atomic quantities for bound-bound transitions such as the oscillator strengths, the line strengths, and the Einstein A-coefficients are obtained for a large number of dipole allowed (AS = 0) transitions for the astrophysically important ion SII. The oscillator strengths in LS coupling are obtained in an ab initio manner in the close coupling approximation using R-matrix method. The quantities for the fine structure transitions are obtained through an algebraic transformation of the LS values. The spectroscopic energies of the fine structure levels are used instead of the calculated energies to improve the accuracy of these values. Present calculations employs a 17-state eigenfunction expansion of the SI11 core states. Results are presented for 1466 h e structure dipole allowed transitions in S I1 corresponding to 350 transitions in LS coupling. This work reports the 6rst extensive tabulation of S I1 radiative transitions including fine structure.
Introduction
SI1 is an astrophysically important ion [l] , but like most other comparatively larger ions, theoretical studies for the radiative transition probabilities of this ion were carried out only in a small limited scale. However, accurate as well as extensive data are needed for the interpretation of observations being made, such as sulfur emission spectra of the plasma torus of Jupiter's satellite Io by Voyager I and I1 [2] . Furthermore, collisional rate coefficients have recently been computed for a large number of transitions in SI1 [3] and it is desirable to complement the atomic datasets for astrophysical modeling with radiative data.
The first extensive work on S I1 was carried out by Butler et al. [4] under the Opacity Project (OP) [5] . Like all OP calculations, their work was also carried out in LS coupling. But for laboratory plasma experiments and for a variety of astrophysical model applications, it is often the fine structure transitions that are required, rather than the LS values. The purpose of the present work is to provide a reasonably complete set of oscillator strengths ($values), line strengths (S-values) and the transition rates (A-values) for the dipole allowed fine structure transitions in SII. The method has been applied to several other ions [6, 71 , and is briefly summerized below.
Summary of the theoretical work and computations
The calculations for the atomic parameters of the fine structure transitions are based on obtaining the line strength, S, in an ab initio manner in the close coupling (CC) approximation. In the CC approximation the core ion, termed as the "target", is represented by an N electron system. The Physica Scripta 55 wavefunction expansion, Y(E), for any symmetry, SLx, of the total ( N + 1) electron system is represented in terms of the target states as :
where xi is the target ion wave function in a speci€ic state
Si Li xi and Oi is the wave function for the ( N + 1)th electron in a channel labeled as SiLi x i k: li(SLx); k? being its incident kinetic energy. @is are the correlation wavefunctions of the ( N + 1) electron system that compensates the orthogonality condition of the total wavefunction. The CC sums imply extensive configuration interactions in the coupled wavefunctions for each SLx. Therefore, provided the relativistic effects are small, the ab initio computations for the derived transition matrix elements should be accurate.
The line strength, S, for transition between the initial "i" and the final "f'' states is obtained as
where the operator D is (3) It in length form, the sum going over total number of electrons in the ion, and Yi, Y f are the initial and final wavefunctions respectively. The line strength depend on the wavefunctions, not on the energies, of these states. As we expect the present CC wavefunctions to be very accurate, it is possible to obtain improved oscillator strengths by using observed, rather than calculated, energy differences. Using the energy difference, E f i , of the initial and final states, the oscillator strength, fif, for the transition can be obtained from S as and the Einstein's A-coefficient, AJi , as
where tl is the fine structure constant, and g i , gf are the statistical weight factors of the initial and final states, respectively. In terms of c.g.s. unit of time, Afi(a.u.) 70
Afi(K1) =

9
where zo = 2.4191-"s is the atomic unit of time. For the present work, the values of E f i are used from the observed energies. 
Both algebraic transformations yield fine structure components with about the same accuracy. In the first case the fine structure splitting is carried out for the LS line strengths whereas in the latter case for the LSfvalues. The first transformation is more convenient to use when observed levels are available. The direct transformation of fvalues is used for the LS multiplets where a complete set of observed fine structure levels is unavailable for one or both the terms, and for transitions between high angular momentum states (transitions higher than H tt I). Calculated energies are used for these cases.
The lifetime of a state can be obtained easily once the A-values of the state are known as 1 ~
7, = -,
A , where A , is the total radiative transition probability for the stateJ; i.e., A, = c AYi * (12)
The present work on LS oscillator strengths for SI1 is carried out in a similar manner to the OP work [4] , but employing a 17-state eigenfunction expansion which inclues the 4s orbital (the OP expansion with 15-states does not include the 4s orbital); the relevant data for SI11 are given in Table I . The 17 states, dominated by configurations 3s23p2, 3s3p3, 3s23p3d, and 3s23p4s, of the core ion S 111, are optimized using the atomic structure code SUPER-STRUCTURE [lo] . The theoretical details of the close coupling approximation using the R-matrix method are described in Ref. [5] . The computations are carried out using the R-matrix codes [11] as developed for the OP [5] .
The number of radiative transitions in S I1 in the present work exceeds that of the previous OP calculations [4] , and includes 316 LS bound states below the first ionization threshold and 5002 LS multiplets. A comparison is made of the present calculated energies with the observed ones in Table 11 . The observed LS energies are obtained through statistical average of the observed fine structure level energies. An asterisk next to a state in the table indicates incomplete set of observed energy levels for the state. The number of observed bound states of S I1 is smaller, 70 LS terms in total [12] , than the number of calculated bound states, 316. The calculated energies are within 5% difference of the 65 observed LS energies; the other 5 are within 10%.
For the fine structure transitions the algebraic transformations of the LS values are carried out as described above, with improved accuracy using spectroscopically observed energies, and employing the computer code JJTOLS [7] . Results are obtained for transitions between only those LS states that have been observed, with either complete or incomplete set of observed fine structure levels. Each observed LS term has been designated by a degeneracy symbol, as shown in Table 11 , and is employed in representing the transitions in this work. This degeneracy assignment may not necessarily match the observed one; an ascending order of alphabets is chosen for the observed even parity states of a symmetry, while a descending order is chosen for the observed odd parity states.
In order to ascertain the accuracy of the present results, comparison is made with available theoretical and experimental values on SI1 in Table 111 . Present f-value for the transition 3s23p3(z 'Do) -+ 3s23p24s(b2De) agrees very well with the $value obtained from the beam-foil experiment by Ryan et al. [ 141 in comparison to other calculations such as by Butler et al. [4] and Ojha and Hibbert [13] . Among the available theoretical calculations, the works of Butler et al. [4] and Ojha and Hibbert [13] are the most elaborate ones, the former using the R-matrix close coupling method and the latter from an optimised configuration-interaction type atomic structure calculation. For the other transition 3s23p3(z 2P0) --f 3s23p24s@ 'De) the present f-value is signscantly lower than that by Ryan et al. [14] . This experimental f-value is much higher than the calculated value by Butler et al. [4] as well indicating a possible overestimation in the measured value. Thef-value of both Butler et al. [4] and Ojha and Hibbert [13] agree very well with the measured value of Lawrence [15] in pulsed-beam experiment for the transition z 4S0 -+ a 4Pe, whereas the present f-value is about 16% higher. This difference is reflected in the lifetime comparison as well, presented in the lower part of the table, for the fine structure components 3s23p4(a 4Pe)5/2, 3/2, of the same multiplet obtained from the same measurement by Lawrence [15] . The calculated f-value by Cai and Pradhan [3] is lower than the measured value; their calculations were primarily intended for collisional data for S I1 and not particularly optimized for radiative quantities.
The present $values are compared for a few more transitions with the other calculations, and all theoretical values are found to be in reasonable agreement with each other for the strong transitions. However, Ojha and Hibbert [13] obtain a higher value for the transition z 4S0 -+ b 4Pe compared to the other calculations. For the relatively weak transition z 'Po + a 'Se the present f-value agrees with Ojha and Hibbert, while for z 'Po --f a 'De they agree better with The$, S, and A-values are obtained for a large number of fine structure transitions in SII. These results Drovide the first extensive set of fine structure transitions in S 11. The earlier calculations are mainly for LS transitions and are limited to a small number of transitions except the work by Butler et al. [4] . the CC calculations of Butler et al.; the present f-value is higher than the other calculations.
The complete set of f-, S-and A-values for the dipole allowed fine structure transitions in SI1 obtained in the present work is presented in Table IV . The first line of each subset of data in the table corresponds to the LS transition, followed by the fine structure components. The degeneracy labels of the LS terms in the table correspond to those assigned in Table I1 for the energies. The energies of the initial and final levels in the fine structure set are given in unit of cm-', while the initial and the final LS states and the transitional energy differences are given in Rydberg units. The A-values are given in s -l , An asterisk (*) below an LS term in Table IV indicates an incomplete set of observed energy levels, and an asterisk for the energy corresponding to a transition indicates one or both of the levels missing from the set of observed energies. The table contains 1466 fine structure transitions corresponding to 350 in LS coupling.
The results obtained in the present work correspond to the 1466 fine structure transitions among the 70 observed LS bound states of SII. This is comparatively a small fraction of the total number of possible fine structure transitions that can be processed among 316 calculated LS bound states.
Based on accuracy of the calculated energies and comparison with other works, the accuracy of the present f-, Sand A-values should be within 15-20% for most of the transitions. It should however be noted that the present method obtains the fine structure components through pure algebraic transformation and does not consider any relativistic mixing of LS terms explicitly in the wavefunctions. This may result in higher uncertainty for transitions between highly excited levels where LSJ-mixing is significant. In that case the intercombination line could be strong enough to reduce the strengths of some of the dipole allowed lines, or shift the strengths among some fine structure components.
Conclusion
Radiative transition probabilities for a large number of transitions in S I1 are presented. Observed energies are used in the transformation of the LS coupled transition matrix elements to fine structure for improved accuracy. As there are only a few experimental oscillator strengths available, a comprehensive evaluation of the theoretical data is difficult ; however there is good agreement with previous accurate theoretical calculations. The overall uncertainty due to relativistic effects for the dipole transitions should be small. However the transitions among highly excited levels may have higher uncertainty due to neglected mixing effects. Present results should provide a reasonably complete set of data for a large number of fine structure transitions in S 11.
The entire table of transition probabilities and energies,  Table IV 1.019E+00
1.018E + 00
1.019ES00
1.158Et00
1.158E+00
1.159E + 00
1.317ES00 1.052E+00
1.052E + 00
1.050E + 00 1.052E + 00 1.051E + 00
1.103E + 00 1.102E + 00 1.105E + 00 1.102E + 00 1.106E + 00 1.159E + 00 1.160E + 00 1.156E + 00
1.161E+00 1.156E+00
1.225E + 00
1.223E+00 1.228E+00
1.224E + 00 1.228E + 00
1.291ES00
1.290E + 00 1.290E + 00 1.291E + 00 1.291E + 00 1.295E + 00 1.297E + 00
1.292E+00
1.297E + 00
1.292E+00 9.955E-01 9.9 14E -01 9.9 18E -01 1.089E + 00 1.088E + 00 1.090E+00
1.090E + 00 1.133E+ 00 1.133E+ 00 1.133E+ 00 1.133E+00
1.230E + 00 1.229E + 00 1.229E + 00 1.230E + 00 1.250E+00
1.250E+00 1.250E+00 1.250ECOO
1.303E+00
1.302E + 00 1.302E + 00 1.303E+00
1.325E+00
1.324E + 00 1.325E+00
1.390E+00
1.390E + 00 1.390E + 00 1.390E+00 1.247E t 00
1.249E+00 1.249E+00
1.244E + 00 1.313E + 00 1.312E + 00
1.312E+00 1.316ES00
1.379E+00
1.379E + 00 1.379E + 00 1.379E+00 9.719E-01 9.719E -01 9.722E-01 9.722E-01
1.082EfOO
1.084E + 00 1.080E + 00 1.084E + 00 1.080E + 00 1.177E + 00
1.177E +00 1.178E+00
1.177E + 00 1.178E + 00
1.221E+00
1.221E+00 1.221E+00 1.221E+00 1.222E+00
1.318E+00
1.318E+00 1.318E+ 00 1.318E+ 00 1.318E+ 00
1.338E+00
1.338E+00 1.338E+00 1.338E+00 1.339E+00
1.391E+00
1.391E+00 1.390E+00 1.391ES00 1.391E+00 1.478E+00
1.478E+00 1.478E+00 1.478E+00 1.478E+00
1.547E + 00 1.547E + 00
1.547E+00 1.547E+00 1.547E+00
9.132E -01
9.150E -01 9.106E -01 9.109E -01
1.127E+00
1.127E + 00
1.127E + 00 1.127E + 00
1.290E+00
1.287E + 00
1.287E+00
1.362Ef00
1.362Bt00 1.361E+00 1.361E+00 
